The Saq aquifer is a Cambro-Ordovician Sandstone Formation that extends over 1200 km in Saudi Arabia and northwards in Jordan. It is an enormous groundwater reservoir where water is found under both unconfmed and confined conditions. The main concern of this study was the quality of the Saq aquifer groundwater. This includes a description of the chemical composition of the groundwater, the spatial variation of its salinity and the processes that control this variability. A total of 384 wells drilled in the Saq aquifer were sampled and water analyses performed for the major ionic composition. The data were analysed using software computer programs. Saturation indices were calculated, ionic relationships were studied, hydrochemical fades were determined and water types were identified. The principal processes that control the groundwater quality variations are also discussed. The results of this study provide information needed for groundwater quality management in the Saq aquifer.
INTRODUCTION
Most of Saudi Arabia can be considered a typically arid region where the annual average amount of rainfall varies between 50 and 100 mm. Higher amounts of rainfall are restricted to the Red Sea escarpment and to the north Open for discussion until 1 April 1997 of Riyadh (Fig. 1) where annual average values reach 600 mm and 200 mm respectively. Evaporation rates exceed 3000 mm per annum. Geologically, the country is divided into the Arabian Shield and the Arabian Shelf. The Shield is essentially composed of Precambrian-Cambrian elevated lands of igneous and metamorphic complexes in some areas with volcanic flows (Harrats) of Tertiary-Quaternary/Recent ages. The Shelf is mainly formed of a sedimentary sequence lying unconformably on the shield rocks and dipping away towards the Arabian Gulf. The sedimentary sequence starts with detrital deposits of the Cambro-Ordovician Saq Formation, and ends with the Quaternary-Recent deposits of the Gulf. The Saq Formation is one of the main aquifers in the Arabian Shelf. Previous studies (Ministry of Agriculture and Water, 1984; Edgell, 1987; Lloyd & Pim, 1990) proved that the Saq stores significant amounts of groundwater (280 000 million cubic metres) some 10 to 30 thousand years old. Present recharge to the Saq was estimated to be 310 million cubic metres. This aquifer has been pumped heavily since the early 1970s especially in the areas of Tabuk, Hail, Al Qasim and As Sirr. Groundwater occurrences, water levels, movements, potentiality and development of the Saq aquifer have been studied by different researchers and research teams (Burdon, 1982; Jado & Zotl, 1984; Ministry of Agriculture and Water, 1984; Bureau de Récherches Géologiques et Minières (BRGM), 1985; Jerais, 1986; Edgell, 1987; Segar, 1988; Sowayan & Allayla, 1989; Lloyd & Pim, 1990; Hussein et al., 1992) .
The water quality of the Saq Formation is generally good except for a few areas where the quality is fair, rarely poor. The total dissolved solids are generally less than 500 mg l" 1 ; higher salinities are encountered especially to the west and east of the Al Qasim area where irrigation return water and/or other factors are involved. The main objectives of this paper are to describe the general composition of the groundwater in the Saq aquifer and the spatial variability of groundwater within the study area, and to discuss the processes controlling the variability.
METHODOLOGY
To achieve the above mentioned objectives 384 samples representing the groundwater of the Saq aquifer were collected from the study area. The samples were collected and analysed through the auspices of the Ministry of Agriculture and Water (MAW), Riyadh. All the samples were pumped well samples from wells continuously used. After the pump had been running for about two hours the sample was collected from the rising main. The sample was then fixed with HgCl for nitrate determination, and sent to the laboratory for Standard Chemical Analysis. Table 1 summarizes the analytical methods used in this study. Field measurements included electrical conductivity (EC), pH and water temperature. The EC was determined using a conductance cell conductimeter (WTW) calibrated with a standard solution; the pH and temperature were measured using a Karl-Colb type glass-electrode Ph meter. The total depth of the well, the water level and the diameter of casing were also recorded.
Ionic balance was achieved using a computer program (CHEM 272) of the School of Earth Sciences, University of Birmingham, UK. This program . The error in the ionic balance for all samples was < 10%. For the calculation of the saturation indices and the assessment of the groundwater equilibrium state the computer program PHREEQE (Parkhurst et al., 1985) was used.
GENERAL GEOLOGY AND HYDROGEOLOGY
The general geological information presented in this paper is based on Powers et al. (1966) , Parson-Basil (1967) , Lloyd (1969) , Al Watban (1976) , Burdon (1982) , Al Saqaby (1978) , Glintzboeckel (1981) , Lozej (1983) and Garfield (1984) . The Saq Formation is the oldest sedimentary formation in northern Saudi Arabia being exposed along a belt parallel to the Arabian Shield for about 70 km south of Khuff ( Fig. 2 ) up to the Jordanian border. It is exposed over a distance of about 1200 km, eroded down to a relatively featureless pediplain, with local hills and ridges with a rough surface accentuated in places by massive cross-bedding and strong fractures. The Saq Formation directly overlies the Arabian Shield basement igneous and metamorphic complex. Mostly it is composed of white, brown and red sandstones, coarse to fine grained, and poorly cemented. The lithology is generally homogeneous with a few thin interbedded shales. The general lithostratigraphic sequence of the study area is illustrated in Fig. 3 . The Saq Formation thickness reaches more than 1000 m in the Tabuk area; in the Al Qasim area it ranges from 350 to 750 m; southward the thickness decreases progressively and is truncated by the Khuff unconformity.
In the western part of the study area and towards the edges of the Arabian Shield the Saq aquifer is unconfined while in the eastern part it is overlain by the Hanadir shale of the Tabuk Formation and younger sedimentary rocks and deposits and is under confined conditions. Carbon age determinations (BRGM, 1985) indicated a paleorecharge rate of 3.5 mm year" 1 with groundwater ages between 10 000 and 30 000 years. Present recharge is very limited under the prevailing climatic conditions.
HYDROCHEMISTRY
The total dissolved solids (TDS) of the Saq aquifer (Fig. 4) ranged from 300 to 800 mg I' 1 with only about 38%, 33%, 4% of the wells in the east, centre and the west part respectively having a TDS greater than 1000 mg l" 1 . High TDS values were restricted to the outcrop areas near wadi outlets or in the basalt areas. Differences in salinities were also observed in some closely-spaced wells and this is attributed either to the depth of the well or to interconnection with higher, more saline, strata. Contamination from external sources can also be an additional factor.
The major ion chemistry of the Saq aquifer is indicated in Figs 5(a)-5(d). All samples were undersaturated with respect to gypsum and oversaturated with respect to quartz except for those that penetrated the aquifer near the wadi beds or from areas affected by the Khuff truncation. 30% of the samples were over- Fig. 4 Areal distribution of the total dissolved solids in the Saq aquifer. saturated with respect to calcite, 18% with respect to dolomite, from west to east and from west to northeast, having become older and attained equilibrium with aquifer material. The major changes in the chemical composition of groundwater occurred firstly in the soil zone during the concentration of salts by evaporation and évapotranspiration. The chloride ion indicated the increase of dissolved salts by these two processes. The same conclusion can be achieved from the Ca 2+ + Mg 2+ /HC03 + SOf~ plots. Within the aquifer itself it is clear that the main dominant process was simple dissolution or mixing. Thus the high rate of evaporation and the low rainfall concentrated the salts in the soil and when runoff occurred it leached the soil. High concentrations were therefore found in wells near to the wadi outlet. After that, water moves downgradient mixed with low concentration water which dominates in the downgradient. 
Hydrochemical fades and water types
The trilinear plot of the chemical data of each of the four main regions of the study area is shown in Fig. 6 . In the Tabuk region, the prevailing chemical character was calcium-chloride or calcium-carbonate water types. Calciumsodium-chloride-sulphate water type with subsidiary calcium-bicarbonate water type characterised the groundwater in the Hail region. Sodium-calciumchloride-sulphate water type dominated in the Al Qasim region. In the As Sirr region calcium-chloride water type was found to be dominant. A comparison between the different regions indicates that the dominant hydrochemical facies in the Saq aquifer was calcium-sodium-chloride with sulphate becoming dominant in some parts such as the basalt area in the Hail region and near wadi outlets in the Al Qasim and As Sirr regions. Figure 7 shows the ionic ranges in the Saq water types. The regional distribution of the water types is shown on Fig. 8 . Table 2 shows the different water types of the Saq aquifer, each with its typical location. It is clear that there were differences in water chemistry that differentiated the eastern part of the study area from the western part. In the western part, towards the basement outcrops of the Arabian Shield, the water types were rather simple, while in the east, where the sedimentary sequence of the Arabian Shelf rests, a more complex situation occurred which is believed to be due to the effect of ancient recharge (10 000 years) of the large wadis crossing the aquifer outcrops. This situation is accentuated by erosion that has reduced the thickness of the Saq, juxtaexposed aquifers, and caused vertical connection between adjacent overlying aquifers.
Hydrochemical scenarios
Three possible hydrochemical scenarios seem to take place as far as the water chemistry and groundwater movement indicate. The first scenario admits that the only water presently entering the Saq aquifer as recharge water is believed to be from the edge of the basement complex in wadis crossing into the aquifer outcrops. This wadi water mixes with the old water (type I) resulting in type II water which dominates all areas where wadis cross aquifer outcrops. Type II is believed to be the main factor in the evolution of the Saq aquifer water chemistry, where mixing processes continue with the flow direction between water type II and old water existing in the aquifer (types I and IV) to produce different water types.
The second scenario proposes the possibility of water flowing through fractured and faulted zones, where the media are heterogeneous and anisotropic thus resulting in differential dissolution of aquifer material. This explains the occurrences of isolated water types (type III). The third scenario considers the possibility of downward leakage through other adjacent overlying aquifers of the sedimentary sequence of the Arabian Shelf, especially in the Al Qasim and As Sirr regions. 
CONCLUSIONS
The groundwater of the Saq aquifer is generally good with an average TDS of 300-1000 mg l" 1 . Poor quality water is restricted to basalt covered areas, near the edge of the basement complex and wadi outlets. Chloride and sulphate are the dominant anions; calcium and sodium are the dominant cations. The aquifer is undersaturated with respect to gypsum, oversaturated with respect to quartz; and oversaturated with respect to calcite. Dolomite occurs from west to east and from southwest to northeast as the groundwater becomes older and attains equilibrium with aquifer material. The dominant processes are evaporation and simple dissolving. Salinity decreases downgradient due to the mixing process that takes place. The Saq groundwater is classified into six water types, the most dominant being the Ca(HC0 3 ) 2 or NaHC0 3 and NaCI types. The Na 2 S0 4 type is restricted to the basalt areas and in paleovalleys. 
